Research in contextEvidence before this studyWith nonalcoholic fatty liver disease (NAFLD) and resulting nonalcoholic steatohepatitis (NASH) becoming a growing concern and a major health care issue, efficient therapies to date are underdeveloped. Previous progress in preclinical development of nitro-fatty acids as anti-inflammatory lipid mediators have uncovered benefits on experimental models of metabolic and aligned cardiovascular diseases. However, the therapeutic potential of nitro-fatty acids against NAFLD has not been investigated.Added value of this studyThis study demonstrates that nitro-oleic acid (OA-NO~2~), a prototypical component of the nitro-fatty acids, is protective against NAFLD in two independent experimental settings: 1) western diet-induced progressive steatosis (apoE knockout mice) and 2) established NASH by long-term administration of high-cholesterol, high fructose diet in wild-type mice (NASH model). A non-invasive imaging approach applied to a NASH model of liver steatosis and fibrosis was further pursued with two aims: 1) to mimic an ideal scenario for NASH diagnosis (avoiding liver biopsy); and 2) to evaluate the putative therapeutic benefits of nitro-fatty acids against established NASH. This study demonstrates that OA-NO~2~ reduces clinically-relevant markers of liver damage, and protects against lipid accumulation, lobular inflammation and fibrosis aligned with an overall improvement of metabolism. Both in vivo and in vitro studies demonstrate that OA-NO~2~ inhibits triglyceride biosynthesis and accumulation in hepatocytes while inhibiting profibrotic activation of human stellate cells and reducing collagen deposition in the liver.Implications of all the available evidenceCurrent progress in preclinical development of OA-NO~2~ has translated into clinical therapeutics in ongoing phase II clinical trials. Yet, our findings expand current knowledge and uncovers OA-NO~2~ as readily viable candidates for therapy against NAFLD. While some ongoing trials include obese patients that may provide translational validation of the putative therapeutic benefits of OA-NO~2~ against NAFLD, clinical trials specifically designed to test the therapeutic value of OA-NO~2~ derivatives for NASH will be critical to pursue.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Nonalcoholic fatty liver disease (NAFLD) is a spectrum of liver disorders characterized by hepatic fat accumulation, inflammation, and hepatocyte injury \[[@bb0005],[@bb0010]\]. In concert with the increased prevalence of obesity due to excess caloric intake and a sedentary lifestyle, the prevalence of NAFLD is increasing worldwide, affecting an estimated 24% of the population \[[@bb0015],[@bb0020]\]. NAFLD is associated with increased mortality related to cardiovascular disease (CVD), malignancy and liver disease \[[@bb0015],[@bb0025]\]. In up to 40% of individuals, hepatic steatosis progresses to nonalcoholic steatohepatitis (NASH), further characterized by inflammatory infiltrate and hepatocyte injury. A subset of patients develops progressive collagen deposition (fibrosis) \[[@bb0030]\]. To date, no therapies are available for NASH \[[@bb0030]\]. Thus identification of novel therapeutic targets against hepatic steatosis, liver inflammation and fibrosis is a major clinical need \[[@bb0035]\].

Nitroalkene derivatives of unsaturated fatty acids (NO~2~-FAs) have emerged as potent anti-inflammatory and anti-fibrotic signaling mediators \[[@bb0040],[@bb0045]\]. NO~2~-FAs are generated during inflammation and digestion through non-enzymatic reactions of unsaturated fatty acids with nitrogen dioxide (^.^NO~2~), yielding an array of electrophilic NO~2~-FAs with unique biochemical and signaling properties \[[@bb0050],[@bb0055]\]. Nitro-oleic acid (OA-NO~2~), exerts protective roles in numerous experimental models of inflammation, imbalanced lipid metabolism and fibrosis \[[@bb0045]\]. These include endotoxin-induced vascular inflammation and multi-organ injury \[[@bb0060],[@bb0065]\], colitis \[[@bb0070]\], atherosclerosis \[[@bb0075]\], systemic and pulmonary arterial hypertension (PAH) \[[@bb0080],[@bb0085]\], atrial fibrillation and myocardial fibrosis \[[@bb0090],[@bb0095]\]. The safety and pharmacokinetics of OA-NO~2~ have been clinically examined in four successfully completed phase I trials ([NCT02127190](NCT02127190){#ir0005}, [NCT02248051](NCT02248051){#ir0010}, [NCT02460146](NCT02460146){#ir0015}, [NCT02313064](NCT02313064){#ir0020}) and its therapeutic potential currently evaluated in phase II clinical trials for the treatment of focal segmental glomerulosclerosis (FSGS), PAH and asthma \[[@bb0045]\].

Considering the unique pathogenesis of NAFLD involving imbalanced hepatic lipid metabolism, inflammation and fibrosis \[[@bb0005],[@bb0010]\] along with the well-established anti-inflammatory and anti-fibrotic properties of OA-NO~2~ \[[@bb0035], [@bb0040], [@bb0045], [@bb0050], [@bb0055], [@bb0060], [@bb0065], [@bb0070], [@bb0075], [@bb0080], [@bb0085]\] it is plausible to suggest that OA-NO~2~ will have a protective effect against NAFLD. Herein, we provide evidence for the protective role of OA-NO~2~ against NASH, using non-invasive imaging for NASH diagnosis coupled with histological, molecular and biochemical approaches. Thus, our study provides functional evidence to uncover the putative therapeutic assessment of OA-NO~2~ in steatohepatitis and fibrosis.

2. Materials and methods {#s0025}
========================

2.1. Animal procedures {#s0030}
----------------------

Eight weeks-old male C57BL/6J (RRID: IMSR_JAX:000664) and apoE^−/−^ (RRID: IMSR_JAX:002052) mice were fed standard chow diet (CD), Western-diet (WD, Supplementary Tables 1 and 2) or NASH-diet rich in saturated fat, trans-fat, fructose and cholesterol (Supplementary Tables 3 and 4) for 24 weeks. OA-NO~2~ was administered via osmotic minipump implantation as described in the Supplementary Materials and Methods.

2.2. Non-invasive in vivo imaging for dual analysis of hepatic steatosis and fibrosis {#s0035}
-------------------------------------------------------------------------------------

Hepatic lipid and collagen contents were quantitatively determined in vivo in a subgroup of mice by photoacoustic imaging using a photoacoustic-ultrasound (PA-US) dual modality system \[[@bb0100]\] described in the Supplementary Materials and Methods. During the procedure, mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) injection.

2.3. Liver steatosis, lobular inflammation and fibrosis scoring {#s0040}
---------------------------------------------------------------

H&E and Sirius red staining were used to score liver steatosis, lobular inflammation and fibrosis as previously described \[[@bb0105]\] and elaborated in the Supplementary Materials and Methods.

2.4. Statistical analysis {#s0045}
-------------------------

Statistical analyses were performed using SPSS 24.0 software (SPSS Inc. IBM). Unless indicated otherwise, values are presented as box-plots and whiskers or means ± SEM of at least three independent observations. The number of animals or experiments used for each study is specified for each figure legend. One-way analysis of variance (ANOVA) followed by Bonferroni post hoc test was used for data analysis. Differences were considered statistically significant at *p* \< .05.

2.5. Sample-size estimation {#s0050}
---------------------------

The number of mice used for the long-term NASH study was determined by sample-size analysis and calculated based on our initial studies with apoE^−/−^ mice (Supplementary Fig. 1), using hepatic TG content as the primary endpoint measure. Using WinPepi statistical software, assuming α error rate of 0.05 and β error rate of 0.20, the number of mice for the NASH study was *n* = 10 per group.

2.6. Blinding {#s0055}
-------------

The following measurements were conducted by technicians blinded to the mouse experimental groups: Liver imaging, pathology, CLAMS, body composition analysis, plasma lipids, and plasma cytokines.

2.7. RNA-sequencing biorepository {#s0060}
---------------------------------

The RNA-sequencing data discussed in this publication have been deposited in NCBI\'s Gene Expression Omnibus and are accessible through GEO Series accession number GSE126204 [www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE126204](http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE126204){#ir0025}

2.8. Ethics statement {#s0065}
---------------------

All animal procedures were approved by the Institutional Animal Care & Use Committee of the University of Michigan (PRO00006176) and performed in accordance with the institutional guidelines.

3. Results {#s0070}
==========

3.1. OA-NO~2~ protects against liver steatosis and fibrosis during NASH development {#s0075}
-----------------------------------------------------------------------------------

The benefits of OA-NO~2~ in pathologies related with imbalanced lipid metabolism were originally observed in hyperlipidemic apoE^−/−^ mice in which administration of OA-NO~2~ during western-diet (WD) feeding reduced atherosclerosis \[[@bb0075]\]. However, whether OA-NO~2~ can attenuate WD-induced lipid accumulation in the liver is unknown. In initial studies, treatment with OA-NO~2~, but not with non-nitrated OA, prevented early steatosis in apoE^−/−^ mice (Supplementary Fig. 1a-1c), attenuated WD-induced hepatic overexpression of key lipogenic genes (e.g. SREBF1, SCD1, Supplementary Fig. 1d) and decreased plasma TG without significant effects on plasma TC, LDL or HDL (Supplementary Fig. 1e-h). To determine the therapeutic use of OA-NO~2~ against NASH, we devised an experimental approach intended to model more advanced stages of NAFLD, a realistic scenario characterized by established coexistence of steatosis and fibrosis ([Fig. 1](#f0005){ref-type="fig"}a). To monitor NASH progression, a novel imaging technique was used that provides an accurate simultaneous measurement of both hepatic steatosis and fibrosis in a non-invasive manner. C57BL/6 mice were fed with a NASH diet for 12 weeks (Supplemental Table 3 and 4) and liver pathology was evaluated using high resolution physio-chemical analysis (PCA) \[[@bb0110]\]. A subset of the animals was sacrificed to confirm established liver steatosis and early fibrosis by histology. Liver PCA revealed enhanced fingerprints in optical wavelengths of 1220 nm and 1370 nm, which identify hepatic lipid and collagen content, respectively ([Fig. 1](#f0005){ref-type="fig"}b-c). Histological analysis based on H&E and Oil Red O staining confirmed lipid accumulation and hepatocyte ballooning (Supplementary Fig. 2a-b) while Sirius red staining confirmed collagen deposition and early fibrosis (Supplementary Fig. 2c).Fig. 1Non-invasive diagnosis reveals OA-NO~2~ protection against NASH-diet induced hepatic steatosis and fibrosis. (a) Experimental design: Steatohepatitis was induced in C57BL/6 mice by a NASH diet, rich in saturated fat, trans fat, fructose and cholesterol for 12 weeks. After 12 weeks, high-resolution physio-chemical analysis ultrasound (PCA-US), confirmed coexistence of lipid steatosis and early fibrosis. Then, osmotic minipumps were implanted subcutaneously to deliver PEG, OA or OA-NO~2~ (5 mg/kg/d) for additional 12 weeks under chow diet (CD) or NASH-diet feeding (4 groups, *n* = 10 per group). Established liver damage was confirmed in a subpopulation (*n* = 3) analyzed after 12 weeks using (b) conventional ultrasound (US) combined with high-resolution PCA high-resolution at 1220 nm optical wavelength to detect hepatic lipids, and (c) at 1370 nm optical wavelength to quantify hepatic collagen content. Two weeks before terminal analysis of liver pathology PA-US was used to quantitatively analyze lipid content and total collagen content in the NASH-diet model. High-resolution PCA demonstrated a marked reduction of total hepatic lipid (d) and collagen content (e) upon OA-NO~2~ treatment compared to non-nitrated OA. Quantitative analysis of PA absorption from each experimental group at 1220 nm (f) and 1370 nm fingerprint (g). Size bars = 5 mm Data is plotted as box and whiskers from minimum to maximum values showing all points. \**p* \< .05, \*\**p* \< .01, \*\*\**p* \< .001 vs. CD; ^\^^*p* \< .05, vs. NASH OA. *n* = 8.Fig. 1

After confirmatory concurrence of hepatic steatosis and fibrosis, animals were randomized to receive OA-NO~2~, OA as non-nitrated fatty acid control and PEG, which served as vehicle, via osmotic minipumps implantation for additional 12 weeks under ad libitum NASH-diet feeding ([Fig. 1](#f0005){ref-type="fig"}a). Two weeks before terminal analysis, non-invasive photoacoustic ultrasound (PA-US) based-imaging was further pursued in all experimental groups to quantitatively determine whether OA-NO~2~ treatment was effective against progressive NASH. Liver pathology evaluated using high resolution PCA revealed a progressively enhanced fingerprints of hepatic lipid content (1220 nm optical wavelength, [Fig. 1](#f0005){ref-type="fig"}d) and collagen content (1370 nm optical wavelength, [Fig. 1](#f0005){ref-type="fig"}e) in NASH diet-fed mice treated with either PEG or OA compared to CD-fed mice. Treatment with OA-NO~2~ markedly suppressed both NASH diet-induced hepatic lipid accumulation and collagen deposition, quantified by the lower magnitude of the PA signals at 1220 nm ([Fig. 1](#f0005){ref-type="fig"}f) and 1370 nm ([Fig. 1](#f0005){ref-type="fig"}g), respectively.

3.2. OA-NO~2~ improves body composition and promotes a metabolic phenotype in NASH-diet fed mice similar to CD feeding {#s0080}
----------------------------------------------------------------------------------------------------------------------

Gross appearance of the peritoneal cavities at the experimental endpoint (24 weeks) revealed substantial hepatic steatosis with enlarged visceral fat pads in NASH-diet fed mice administrated with PEG or OA, which were attenuated by OA-NO~2~ ([Fig. 2](#f0010){ref-type="fig"}a). Body-weight measurement, showed a trend towards reduced body weight gain upon OA-NO~2~ administration, reaching statistical significance compared with NASH PEG group but not with OA (*p* \< .05, Supplementary Fig. 3a). Yet, NMR-based analysis of body composition indicated that body fat was significantly reduced by OA-NO~2~ along with a significant increase in lean body mass ([Fig. 2](#f0010){ref-type="fig"}b-c).Fig. 2OA-NO~2~ improves body composition and increases respiratory quotient in NASH-diet induced steatohepatitis. (a) Gross appearance of the peritoneal cavity at the experimental end-point (24 weeks) depicting apparent reduction of liver steatosis upon treatment with OA-NO~2~. One week before end-point analysis, NMR-based body composition analysis was conducted (n = 8) revealing a significant reduction of % body fat (b) and subsequent increase in % lean body mass (c), upon OA-NO~2~ treatment. No alteration in body composition was observed in mice treated with equimolar amounts of non-nitrated OA. Quantitative data is plotted as box and whiskers from minimum to maximum values showing all points. (d) OA-NO~2~ increased the respiratory exchange ratio (RER) calculated as the ratio of CO~2~ generation vs. oxygen consumption (VCO~2~/VO~2~) assessed by CLAMS. Data are shown over a 24 h dark/light period cycle (n = 8). (e) Quantitative analysis of RER in each experimental group shown as box and whiskers from minimum to maximum values. Data is shown as mean ± SEM. \**p* \< .05, \*\**p* \< .01, \*\*\**p* \< .001 vs CD PEG; ^\#^*p* \< .05, ^\#\#^*p* \< .01, ^\#\#\#^*p* \< .001 vs. NASH PEG ^\^^*p* \< .05 vs. NASH OA.Fig. 2

The metabolic response to obesity involves a shift towards greater lipid versus lower carbohydrate utilization, reflecting a reduction in respiratory quotient (respiratory exchange ratio-RER) \[[@bb0115],[@bb0120]\]. Accordingly, CLAMS analysis indicated a pronounced reduction of RER in response to NASH-diet, both in the OA or PEG vehicle-treated controls ([Fig. 2](#f0010){ref-type="fig"}d-e), reflecting an increased fat oxidation (Supplementary Fig. 4a), and decreased glucose oxidation (Supplementary Fig. 4b) in these experimental groups. OA-NO~2~ treatment, however, partially reversed this trend towards a reduced fat oxidation and increased glucose oxidation, resulting in a significant elevation of the respiratory quotient ([Fig. 2](#f0010){ref-type="fig"}d-e). No significant differences in energy expenditure, or ambulatory activity (Supplementary Fig. 4c-d) were observed between the groups.

3.3. OA-NO~2~ protects against steatohepatitis, hepatomegaly and liver damage in NASH {#s0085}
-------------------------------------------------------------------------------------

Chronic NASH-diet feeding for a total of 24 weeks resulted in a significant increase in body weight irrespectively of intervention with PEG or OA (*p* \< .001 or *p* \< .05, respectively) compared to CD, with a similar trend in mice treated with OA-NO~2~ (*p* = .113, Supplementary fig. 3a). Livers were drastically enlarged in the PEG- and OA-treated group (3.28 ± 0.12 g, 3.06 ± 0.14, respectively, p \< .001, [Fig. 3](#f0015){ref-type="fig"}a and Supplementary Fig. 3b) but not in the OA-NO~2~ group, which exhibited significantly reduced liver to body weight ratios ([Fig. 3](#f0015){ref-type="fig"}b).Fig. 3OA-NO~2~ prevents NASH diet-induced hepatomegaly and liver damage, and improves NAFLD activity scores. (a) Gross liver morphology, H&E and Oil Red O histology from each experimental group. H&E histology was used for quantitative NAFLD scoring as described and summarized in [Table 1](#t0005){ref-type="table"}. (b) Quantitative analysis of hepatomegaly was determined as of liver to body weight ratio. (c) Fasting plasma analysis of alanine aminotransferase (ALT) and (d), aspartate aminotransferase (AST). (e) Hepatic triglyceride mass and (f) cholesterol mass from each experimental group. Quantitative data is plotted as box and whiskers from minimum to maximum values showing all points. \**p* \< .05, \*\**p* \< .01, \*\*\**p* \< .001 vs CD/PEG; ^\#^*p* \< .05, ^\#\#^*p* \< .01, ^\#\#\#^*p* \< .001 vs. NASH PEG ^\^^*p* \< .05, ^\^\^^*p* \< .01, ^\^\^\^^*p* \< .001, vs. NASH OA. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 3

Histological analysis based on H&E staining and NAFLD activity scoring, indicated that PEG control and OA-treated groups exhibited histologic features characteristic of NASH, including micro- and macrovesicular steatosis, hepatocyte ballooning, and infiltration of inflammatory cells. Notably, following OA-NO~2~ administration, steatosis and inflammation scores were significantly decreased, while hepatocyte ballooning remained unaltered compared to PEG or OA ([Table 1](#t0005){ref-type="table"}). Oil red O staining was significantly reduced in the OA-NO~2~ group ([Fig. 3](#f0015){ref-type="fig"}a). Furthermore, OA-NO~2~ markedly reduced systemic markers of liver damage, ALT and AST ([Fig. 3](#f0015){ref-type="fig"}c-d), as well as hepatic TG mass ([Fig. 3](#f0015){ref-type="fig"}e) but not liver cholesterol ([Fig. 3](#f0015){ref-type="fig"}f). Overall, NAFLD activity score, defined as the additive score for steatosis, ballooning and inflammation was significantly lower upon treatment with OA-NO~2~ compared to PEG control (4.1 ± 0.5 vs. 6.2 ± 0.4, *p* \< .001), and a similar trend was noted compared to OA (5.7 ± 0.4, *p* = .063) ([Table 1](#t0005){ref-type="table"}). Accordingly, linear regression analysis indicated a positive and significant correlation between individual NAFLD activity scores and ALT or AST levels and suggest that OA-NO~2~ administration improves NASH-diet induced liver damage (Supplementary Fig. 5a). Systemically, OA-NO~2~ reduced fasting glucose levels whereas the non-nitrated control OA had no significant effect (Supplementary Fig. 5b). Similarly, fasting plasma lipid profile analysis revealed a normalization of plasma TG levels by OA-NO~2~ but not OA (Supplementary Fig. 5c). In contrast, OA-NO~2~ had no protective effect against NASH diet-induced hypercholesterolemia (Supplementary Fig. 5d).Table 1NAFLD activity score in response to OA-NO~2~.Table 1SteatosisHepatocyte ballooningLobular inflammationNAFLD activity scoreCD0.8 ± 0.20.5 ± 0.20.2 ± 0.11.5 ± 0.4PEG2.9 ± 0.1 [⁎⁎⁎](#tf0015){ref-type="table-fn"}1.8 ± 0.1 [⁎⁎⁎](#tf0015){ref-type="table-fn"}1.5 ± 0.3 [⁎⁎](#tf0010){ref-type="table-fn"}6.2 ± 0.4 [⁎⁎⁎](#tf0015){ref-type="table-fn"}OA2.6 ± 0.2 [⁎⁎⁎](#tf0015){ref-type="table-fn"}1.9 ± 0.1 [⁎⁎⁎](#tf0015){ref-type="table-fn"}1.2 ± 0.3 [⁎](#tf0005){ref-type="table-fn"}5.7 ± 0.4 [⁎⁎⁎](#tf0015){ref-type="table-fn"}OA-NO~2~2.0 ± 0.3 [⁎⁎](#tf0010){ref-type="table-fn"}[\#](#tf0020){ref-type="table-fn"}1.6 ± 0.2 [⁎⁎⁎](#tf0015){ref-type="table-fn"}0.5 ± 0.2 [\#](#tf0020){ref-type="table-fn"}4.1 ± 0.5 [⁎⁎](#tf0010){ref-type="table-fn"}[\#\#](#tf0025){ref-type="table-fn"}[^1][^2][^3][^4][^5][^6]

3.4. OA-NO~2~ reverses NASH-diet-induced dysregulation of hepatic genes involved in NASH {#s0090}
----------------------------------------------------------------------------------------

Next, an unbiased analysis of hepatic gene expression by RNA sequencing (RNA-seq) was pursued after 12 weeks of PEG, OA and OA-NO~2~ delivery under NASH-fed diet conditions. Principal component analysis (PCA) revealed that the gene expression profile of the NASH-diet fed mice either treated with PEG or OA clustered together resulting in major changes in gene expression compared to CD (Supplementary Fig. 6a). Systemic administration of OA-NO~2~, resulted in an intermediate profile between the CD group and the NASH-diet induced changes in gene expression in the liver (Supplementary Fig. 6a). Volcano plot analysis of the differentially expressed genes (DEGs) further revealed global changes in gene expression patterns between NASH diet-fed PEG vs. CD ([Fig. 4](#f0020){ref-type="fig"}a) or between OA vs. CD ([Fig. 4](#f0020){ref-type="fig"}b). However, DEGs of the OA-NO~2~ group substantially differ from those regulated by OA, resulting in a gene expression pattern comparable to CD ([Fig. 4](#f0020){ref-type="fig"}c). Venn diagrams further illustrate the similarity of the gene expression profile between NASH-diet with either PEG or OA treatment, with \>1000 shared genes upregulated and \> 200 downregulated between those groups ([Fig. 4](#f0020){ref-type="fig"}d). In sharp contrast, the gene expression profile from the OA-NO~2~ group is almost entirely dissimilar to the non-nitrated OA ([Fig. 4](#f0020){ref-type="fig"}e), suggesting that OA-NO~2~ induces a distinct hepatic gene expression pattern. Indeed, focusing the analysis on the top DEGs across all experimental groups, heatmap-based representation shows a distinct separation in gene expression patterns in the OA-NO~2~ group compared to PEG or OA ([Fig. 4](#f0020){ref-type="fig"}f). Pathway enrichment analysis comparing OA-NO~2~ with the non-nitrated OA, revealed a significant down-regulation of key pathways involved in enhanced inflammation in NASH by OA-NO~2~ (TREM signaling, NF-κB signaling, chemokine signaling, inflammasome pathway, TLR signaling), and hepatic fibrosis, hepatic stellate cell activation and atherosclerosis signaling (Supplementary fig. 7a). In contrast, key pathways involved in fatty acid utilization (fatty acid β-oxidation or mitochondrial [l]{.smallcaps}-carnitine shuttling) were enriched by OA-NO~2~ compared to OA administration (Supplementary Fig. 7b). Analysis of 50 genes related to key steps of NASH development and progression ([Fig. 4](#f0020){ref-type="fig"}g), revealed that OA-NO~2~ suppressed NASH-diet-induced lipogenic gene expression (SREBF1, MOGAT2, SCD2) while inducing lipolysis (CPT1A, CPT2, PPARGC1A). Notably, treatment with OA-NO~2,~ but not OA, attenuated NASH-diet-induced upregulation of key pro-inflammatory genes (ICAM-1, IL1B, CCL2, CCL5, CCR2, CX3CR1) and pro-fibrotic genes (TGFB1, TGFB2 and TGFB3, TGFBR1, TGFBR2, COL1A2, ACTA2, TIMP1, TIMP2). Taking together, an unbiased analysis of hepatic gene expression revealed that treatment with OA-NO~2~ during NASH reverses impaired lipid metabolism, enhanced inflammation and fibrosis, main pathophysiological pathways of NASH progression.Fig. 4Global hepatic transcriptomic profile in response to OA-NO~2~ analyzed by RNA-sequencing. Volcano plots of differentially regulated genes (DEGs) in (a) NASH (PEG) vs. chow diet group (CD); (b) OA vs. CD and (c) OA-NO~2~ vs. CD. Principal component analysis (PCA) plot and additional volcano plot comparisons between groups are depicted in Supplementary Fig. 5a and b. X axis represents the log2FoldChange of each gene, and Y axis represents the -log10 transformation of the *p* values. Genes with p values \<.05 and log2FoldChange larger than 1 were considered significant DEGs. Up-regulated DEGs are depicted in red, down-regulated DEGs in green, and the non-significant genes in grey. (d) Venn diagrams showing common DEGs in the NASH-diet (PEG) and OA vs. chow diet (CD). (e) Venn diagrams showing DEGs dissimilarity in the OA-NO~2~ group vs. OA. (f) Heatmap depicting the top 50 DEGs among all experimental groups as determined by log2FoldChage compared with CD group. Each row represents one gene, and each column represents one comparison to CD group. The log2FoldChange was row scaled and depicted by colors. (g) Heatmap of 50 NASH-related genes. The classification of the genes based on their function in inflammation, fibrosis, lipogenesis and lipolysis was labeled by different colors as shown at the left side of the heatmap. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 4

3.5. OA-NO~2~ protects against hepatic steatosis by normalizing NASH diet-impaired lipid metabolism {#s0095}
---------------------------------------------------------------------------------------------------

Validation of DEGs using qPCR analysis indicated that de novo lipogenesis genes were strongly induced in response to NASH-diet feeding, and reduced by OA-NO~2~ ([Fig. 5](#f0025){ref-type="fig"}a). These include sterol regulatory element binding protein-1 (SREBP-1)-dependent gene expression, including stearoyl-CoA desaturase (SCD1) and glycerol-3-phosphate O-acyltransferase2 (GPAT2). In contrast, genes involved in fatty acid β-oxidation including CPT2, HSD17B10, ACSL1 and PPARGC1A were markedly down-regulated by NASH-diet feeding, but not in the OA-NO~2~ group (Supplementary Fig. 8). Western blot analysis revealed that SREBP1 expression as well as its maturation were induced in response to NASH-diet feeding, and reduced by OA-NO~2~ ([Fig. 5](#f0025){ref-type="fig"}b). Studies in primary hepatocytes and HepG2 cells in response to lipid overload ([Fig. 5](#f0025){ref-type="fig"}c-d) or \[^3^H\]-acetate incorporation into TG ([Fig. 5](#f0025){ref-type="fig"}e), indicated that OA-NO~2~ inhibits TG biosynthesis and accumulation, whereas OA has modest effects. The above results highlight the protective effects of OA-NO~2~ against NASH diet-induced hepatic steatosis attributed to its effects on normalizing expression of genes regulating de novo lipogenesis, inhibiting SREBP1 maturation and in accordance, preventing TG biosynthesis and accumulation in the liver.Fig. 5OA-NO~2~ inhibits hepatocyte triglyceride accumulation. (a) qPCR analyses of hepatic expression of genes regulating lipid biosynthesis. Data presented in bars are means ± SEM (*n* = 7--10). (b) Total liver lysates from each experimental group were subjected to western blot analysis of precursor, cleaved SREBP1 and GAPDH as loading control. Quantitative densitometry analysis is shown as box and whiskers from minimum to maximum values showing all points (*n* = 6). ^⁎^*p* \< .05, ^⁎⁎^*p* \< .01, ^⁎⁎⁎^*p* \< .001 vs CD PEG; ^\#\#\#^*p* \< .001 vs. NASH PEG ^\^^*p* \< .05 vs. NASH OA. (c) Triglyceride (TG) content in primary hepatocytes and HepG2 cells treated with or without palmitic acid (200 μM), OA or OA-NO~2~ (1 μM) for 20 h. ^\#^*p* \< .05 vs. palmitic acid (*n* = 3). (b) TG biosynthetic rate determined using \[^3^H\]-acetate incorporation into TG in HepG2 cells treated with either OA or OA-NO~2~ (1 μM) for 6 h (n = 3). ^\#^*p* \< .05 vs. vehicle control (EtOH).Fig. 5

3.6. OA-NO~2~ reduces NASH diet-induced hepatic and systemic inflammation {#s0100}
-------------------------------------------------------------------------

In addition to lipid metabolism, pathway analysis also identified relevant processes involved in inflammation and immune cellular response including TREM, NFκB or TLR signaling, leukocyte extravasation, or nitric oxide production in macrophages (Supplementary Fig. 7a). Indeed, hepatic inflammation was significantly reduced by OA-NO~2~ as revealed by immunostaining for F4/80, a well-established histological marker of macrophage infiltration ([Fig. 6](#f0030){ref-type="fig"}a). Inflammatory gene expression was induced by NASH-diet feeding and reduced by OA-NO~2~ treatment. These include intercellular adhesion molecule-1 (ICAM-1), triggering receptor expressed on myeloid cells 2 (TREM2) and toll like receptors (TLR1, 2 and 4) ([Fig. 6](#f0030){ref-type="fig"}b). Proinflammatory cytokine expression in the liver, including tumor necrosis factor-alpha (TNFα), interleukin-1β (IL-1β), C---C motif chemokine ligand 2 (CCL2) and CCL5, was significantly reduced upon OA-NO~2~ treatment ([Fig. 6](#f0030){ref-type="fig"}c). Moreover, markers of systemic inflammation were reduced by OA-NO~2~ as evident by reduced levels of plasma MCP-1 and IL-6 ([Fig. 6](#f0030){ref-type="fig"}d- e).Fig. 6OA-NO~2~ inhibits NASH-diet induced hepatic and systemic inflammation. (a) Representative F4/80 immunohistochemistry from each experimental group. Positive areas were calculated using ImageJ to determine F4/80 immunohistochemistry. Scale bar: 50 μm. (b) qPCR validation of inflammatory gene expression in the liver including TREM2, TLRs and adhesion molecules ICAM1, VCAM1 and E-cadherin. (c) Common cytokine mRNA expression levels and (d) plasma pro-inflammatory biomarkers Mcp-1 and IL6. Quantitative data is plotted as box and whiskers from minimum to maximum values showing all points. \**p* \< .05, \*\**p* \< .01, \*\*\**p* \< .001 vs CD PEG; ^\#^*p* \< .05, vs. NASH PEG; \^*p* \< .05, \^\^\^*p* \< .001 vs. NASH OA.Fig. 6

3.7. OA-NO~2~ protects against NASH-induced hepatic fibrosis {#s0105}
------------------------------------------------------------

Since photoacoustic ultrasound analysis identified a significant reduction of hepatic collagen content in response to OA-NO~2~ treatment ([Fig. 1](#f0005){ref-type="fig"}), the effect of OA-NO~2~ on hepatic fibrogenesis was further examined. Histological analysis based on Sirius red staining, α-smooth muscle actin (αSMA) immunohistochemistry ([Fig. 7](#f0035){ref-type="fig"}a), and fibrosis scoring revealed a protective role of OA-NO~2~ against NASH-diet-induced liver fibrosis, whereas OA administration was ineffective ([Table 2](#t0010){ref-type="table"}). Hepatic collagen content (hydroxyproline) end-point analysis revealed a significant reduction of hepatic fibrosis upon OA-NO~2~ administration ([Fig. 7](#f0035){ref-type="fig"}b). RNA-sequencing analysis identified pro-fibrotic pathways activated in NASH, primarily hepatic fibrosis and stellate cell activation particularly related to activation of TGFβ signaling ([Fig. 4](#f0020){ref-type="fig"}f and Supplementary Fig. 7). Thus, we next analyzed whether OA-NO~2~ administration reduces TGFβ-mediated hepatic fibrosis (e.g. SMAD signaling). Indeed, quantitative analysis of NASH-induced SMAD2 activation (e.g. phosphorylated-SMAD vs. total SMAD) was significantly blunted by OA-NO~2~ ([Fig. 7](#f0035){ref-type="fig"}c). Furthermore, fibrogenic gene expression, including connective tissue growth factor (CTGF), collagen type I alpha 2 chain (Col1a2), tissue inhibitor of metalloproteinases1 (TIMP1), and ACTA2 was markedly reduced upon OA-NO~2~ treatment ([Fig. 7](#f0035){ref-type="fig"}d). In human stellate cells (HSCs), OA-NO~2~ inhibited TGFβ-induced CTGF and αSMA protein expression in a dose-dependent manner ([Fig. 7](#f0035){ref-type="fig"}e) and inhibited profibrotic TGFβ-dependent activation of human stellate cells. mRNA expression of ACTA2, CTGF, Col1a1, and Col1a2 was significantly reduced by OA-NO~2~ upon activation by TGFβ, whereas OA had no effect ([Fig. 7](#f0035){ref-type="fig"}f).Fig. 7OA-NO~2~ regulates hepatic fibrogenic signaling in vivo and in human stellate cells in vitro and inhibits liver fibrosis in NASH. (a) Representative Sirius Red histology and αSMA immunohistochemistry from each experimental group. Scale bar: 50 μm. Positive areas were calculated using ImageJ to determine fibrosis scoring and quantification of αSMA immunohistochemistry and summarized in [Table 2](#t0010){ref-type="table"}. (b) Total hepatic collagen content in each experimental group analyzed by acidic conversion to hydroxyproline. Box and whiskers plot indicate mean and range (*n* = 10). (c) Total liver lysates from each experimental group were subjected to western blot analysis of pro-fibrotic SMAD signaling using phosphorylated SMAD2 (p-SMAD2) antibody vs. total SMAD2. Quantitative densitometry analysis is shown as box and whiskers from minimum to maximum values showing all points (d) Fibrogenic gene expression in the livers. mRNA levels were quantified by qPCR. Relative expression levels were normalized against GAPDH. Data presented in bars are means ± SEM (n = 7--9). \**p* \< .05, \*\**p* \< .01, \*\*\**p* \< .001 vs. CD; ^\#^*p* \< .05, ^\#\#\#^*p* \< .001 vs. NASH PEG; ^\^^*p* \< .05, ^\^\^^*p* \< .01, ^\^\^\^^*p* \< .001, vs. NASH OA. (e) Western blot analysis of CTGF and αSMA protein levels in human stellate cells stimulated with TGFβ (20 ng/ml) and increasing concentrations of OA-NO2 (0.1-2 μM) or OA control (2 μM) for 24 h. (f) Human stellate cells were stimulated with or without TGFβ (20 ng/ml), OA or OA-NO~2~ (1 μM). 6 h after TGFβ stimulation fibrogenic gene expression (e.g. ACTA2, CTGF, COL1A1, COL1A2) was analyzed by qPCR. Data shown as mean ± SEM, *n* = 3. ^\#^*p* \< .05, ^\#\#\#^*p* \< .001 vs. TGFβ; \^\^ *p* \< .01 \^\^\^ *p* \< .001 vs. TGFβ + OA. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 7Table 2Fibrosis score in response to OA-NO~2~.Table 2Sirius red positive area (%)αSMA positive area (%)Fibrosis scoreCD0.22 ± 0.030.23 ± 0.040.00 ± 0.00PEG2.71 ± 0.29[⁎⁎⁎](#tf0035){ref-type="table-fn"}3.94 ± 0.95[⁎⁎](#tf0030){ref-type="table-fn"}1.40 ± 0.16[⁎⁎⁎](#tf0035){ref-type="table-fn"}OA3.94 ± 0.34[⁎⁎⁎](#tf0035){ref-type="table-fn"}4.44 ± 0.88[⁎⁎⁎](#tf0035){ref-type="table-fn"}1.60 ± 0.16[⁎⁎⁎](#tf0035){ref-type="table-fn"}OA-NO~2~0.98 ± 0.27[\#\#\#](#tf0045){ref-type="table-fn"}, [\^\^\^](#tf0055){ref-type="table-fn"}0.79 ± 0.26[\#](#tf0040){ref-type="table-fn"}, [\^\^](#tf0050){ref-type="table-fn"}0.80 ± 0.13[⁎⁎](#tf0030){ref-type="table-fn"}, [\#](#tf0040){ref-type="table-fn"}, [\^\^](#tf0050){ref-type="table-fn"}[^7][^8][^9][^10][^11][^12][^13]

4. Discussion {#s0110}
=============

NASH is emerging as one of the major public health issues in the 21st century due to an ever increasing overnutrition aligned with a more prevalent sedentary lifestyle. While NAFLD and resulting NASH are reaching global epidemic proportions, clear diagnosis, primarily limited to liver biopsy, and lack of approved drugs constitute two of the major hurdles of an effective treatment. Thus, advances in non-invasive diagnostic tools and effective antifibrotic therapies are paramount for reversing NASH progression and/or regression of the disease \[[@bb0125]\]. The present study used a non-invasive imaging approach applied to a NASH model of liver steatosis and fibrosis to evaluate the putative therapeutic benefits of OA-NO~2~ against NASH. Our experimental settings were specifically designed to address whether OA-NO~2~ administration is a valid therapeutic approach at the onset of NASH, requiring conditions in which both steatosis and fibrosis were concurrently established. Therefore, non-invasive imaging approaches were pursued (e.g. photoacoustic imaging), envisioning an ideal diagnostic tool as a valid alternative to liver biopsy thoroughly sought-after in the clinical settings \[[@bb0130]\]. This imaging modality has the potential to simultaneously monitor lipids and collagen as well as hemoglobin and water content when operating at the full optical spectrum \[[@bb0110]\]. Herein, the analysis focused on the lipid and collagen components for the purpose of providing a quantitative measurement of their liver content upon OA-NO~2~ treatment. This approach provided a useful platform to validate the presence of established hepatic steatosis and fibrosis after 3 months of NASH-diet feeding prior randomization and treatment for an additional 3 months with OA-NO~2~. This scenario thus resembles more advanced experimental models of NASH rather than progressive development of diet-induced NAFLD \[[@bb0110],[@bb0135]\]. Herein, we provide evidence of a protective role of OA-NO~2~ against NASH. Remarkably, these studies indicate that OA-NO~2~ is beneficial against two major hallmarks of advanced NAFLD (e.g. lipid accumulation and fibrosis) \[[@bb0140]\]. Yet, this current study cannot address whether intervention with OA-NO~2~ has the potential to reverse NASH.

Analysis of both hepatic and systemic lipid profile suggest that OA-NO~2~ has a significant impact on triglyceride metabolism, with minor effect on cholesterol metabolism. Unbiased analysis of global gene expression and pathway analysis identified inhibition of lipogenesis and enhanced lipolysis in response to OA-NO~2~, OA-NO~2~ inhibits NASH-induced SREBP1 maturation and thus ensuing inhibition of lipogenesis by OA-NO~2~ and conversely activation of lipolysis. Other possibilities, however, cannot be excluded. For example, diversion of lipid metabolism away from the liver to other peripheral tissues (in particular adipose tissue) is considered a possible therapeutic alternative to NASH \[[@bb0145]\]. NO~2~-FAs are broadly distributed throughout the adipose tissue, where they undergo esterification \[[@bb0150]\]. CLAMS and NMR-based body composition analysis indicate that OA-NO~2~ favors a lean versus fat phenotype with only modest effects in body weight, which may also reflect of a favorable metabolism in the adipose tissue.

Regulation of inflammatory responses is a central mechanism by which OA-NO~2~ exert beneficial outcomes in various experimental models \[[@bb0155]\]. Here, a comprehensive analysis of steatosis, inflammation and fibrosis was pursued in response to OA-NO~2~ administration. Histological analysis demonstrates that OA-NO~2~ improves hepatic steatosis and attenuates lobular inflammation concomitant with a reduction of inflammatory markers, including Kuppfer cell/macrophage activation, F4/80, or pro-inflammatory cytokine expression (e.g. TNFα, IL-1β, IL-6, CCL2, and CCL5) as well as reduced plasma levels of IL-6 and MCP-1. Indeed, therapeutic inhibition or resolution of inflammation reduces steatohepatitis and liver fibrosis in NASH models \[[@bb0160]\]. Specialized pro-resolving lipid mediators (SPM, derived mainly from omega 3 polyunsaturated fatty acids, n-3 PUFAs), exert protective effects on hepatic and adipose tissue with observed benefits in animal models of obesity. However, administration of n-3 PUFAs to NAFLD patients is not effective in improving hepatocyte injury or fibrosis \[[@bb0170]\]. Our findings indicate that NO~2~-FA, a new class of regulators of inflammation and fibrosis, may be an innovative lipid-based therapeutic strategy against NASH, encouraging subsequent validation in clinical settings \[[@bb0165]\].

Regarding potential mechanisms operated by OA-NO~2~, we found that OA-NO~2~ regulates several pathophysiological processes during NASH progression. These include limiting hepatocyte TG accumulation; attenuation of diet-induced systemic inflammation as well as in the liver; and inhibition of hepatic fibrogenesis. These pathological processes operate in a step-wise manner during NASH and overlap in more advanced stages of the disease \[[@bb0135]\]. Thus, the protective effect of OA-NO~2~ against NASH cannot be ascribed to a single process Rather, the current study provides a comprehensive landscape of the therapeutic benefits of OA-NO~2~ in NASH. Our global transcriptomic analysis identified key pathways involved in lipid metabolism, inflammation and fibrosis, all regulated by OA-NO~2~. Yet, a unifying mechanism could not be identified. Therefore, our study is limited in the mechanistic scope.

NO~2~-FAs are well-established anti-inflammatory agents that regulate the innate immune response \[[@bb0040],[@bb0055],[@bb0170]\]. Indeed, inflammation is centrally involved in the progression of steatohepatitis and fibrosis \[[@bb0175]\]. Our findings reveal a significant reduction of macrophage infiltration in the liver in response to OA-NO~2~ treatment coupled with an attenuated systemic and global hepatic inflammation. Further analysis is required to characterize the contribution of specific liver cells \[[@bb0180], [@bb0185], [@bb0190]\], including Kupffer cells/macrophages, stellate cells, vascular endothelial cells and hepatocytes in the overall anti-inflammatory role of OA-NO~2~ in NASH. Of importance, inhibition of liver fibrosis by OA-NO~2~ significantly contributes to the improved liver damage (e.g. reduced plasma levels of ALT and AST). OA-NO~2~-mediated inhibition of fibrogenesis was consistently demonstrated in the liver (e.g. in-vivo imaging, Sirius red-based histology, hydroxyproline content) and in activated stellate cells. Expression of fibrotic genes including CTGF and collagen synthesis were significantly reduced by OA-NO~2~, suggesting that stellate cell activation or myofibroblast conversion in response to TGFβ are attenuated. An analog anti-fibrotic mechanism upon OA-NO~2~ treatment operates in other cellular systems \[[@bb0195]\]. Specifically, preclinical studies on pulmonary fibrosis suggest that OA-NO~2~ interferes with TGFβ signaling in lung epithelial cells by mechanisms that involve posttranslational modification of the TGFβ receptor and subsequent receptor dimerization and downstream signaling \[[@bb0175]\]. Indeed, the expression of TGFβ-mediated pro-fibrotic genes, CTGF and αSMA was significantly attenuated upon OA-NO~2~ treatment in HSCs. Our data suggest that OA-NO~2~ may modulate, by interfering with TGFβ-induced stellate activation, a reversible phenotypic switch, a process that promotes regression of hepatic pathology during NASH \[[@bb0200],[@bb0205]\]. Moreover, TGF-β signaling in hepatocytes contributes to lipid accumulation and NASH development via SMAD signaling \[[@bb0210]\]. Herein, we show that OA-NO~2~ blunted NASH diet-induced SMAD2 activation and over-expression of TGF-β target genes in the NASH liver, indicating the protective effects of OA-NO~2~ against both hepatic steatosis and fibrosis via inhibition of the TGFβ/SMAD pathway.

In summary, we provide experimental evidence that OA-NO~2~ protects against hepatic steatosis and fibrosis during NASH development. Whereas ongoing phase II clinical trials that include obese patients may provide translational validation of the putative therapeutic benefits of OA-NO~2~ against NAFLD, clinical trials specifically designed to test the therapeutic value of OA-NO~2~ derivatives for NASH will be critical to pursue.
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[^1]: NAFLD scoring: from 0 to 3 (0:\<5%steatosis; 1: 5--33%; 2: 34--66%; 3:\>67%), hepatocyte ballooning from 0 to 2 (0: normal hepatocytes, 1: normal-sized hepatocytes with pale cytoplasm, 2: pale and enlarged hepatocytes, at least 2-fold than normal hepatocytes), lobular inflammation from 0 to 2 based (0: none, 1: \<2 foci; 2: ≥2 foci). NAFLD activity score was calculated as the sum of steatosis, hepatocyte ballooning and lobular inflammation scores.

[^2]: p \< .05

[^3]: p \< .01

[^4]: p \< .001 vs. CD.

[^5]: p \< .05.

[^6]: p \< .01 vs. NASH PEG.

[^7]: Fibrosis was scored from 0 to 4 (0: no fibrosis; 1: perisinusoidal or portal fibrosis; 2: perisinusoidal and portal fibrosis; 3: bridging fibrosis; 4: cirrhosis). Data is shown as mean ± SEM

[^8]: p \< .01.

[^9]: p \< .001 vs. CD.

[^10]: p \< .05.

[^11]: p \< .001 vs. NASH PEG.

[^12]: p \< .01.

[^13]: p \< .001, vs. NASH OA.
